In vertebrates, the RAD51 protein is required for genetic recombination, DNA repair, and cellular proliferation. Five paralogs of RAD51, known as RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3, have been identified and also shown to be required for recombination and genome stability. At the present time, however, very little is known about their biochemical properties or precise biological functions. As a first step toward understanding the roles of the RAD51 paralogs in recombination, the human RAD51C and XRCC3 proteins were overexpressed and purified from baculovirusinfected insect cells. The two proteins copurify as a complex, a property that reflects their endogenous association observed in HeLa cells. Purified RAD51C-XRCC3 complex binds single-stranded, but not duplex DNA, to form protein-DNA networks that have been visualized by electron microscopy.
H
omologous recombination plays an important role in the repair of DNA double-strand breaks (DSBs) caused by ionizing radiation or from the breakdown of stalled replication forks. Accurate DSB repair, using the sister chromatid as a template, is necessary for the maintenance of genome stability, and defects in this process can lead to the introduction of mutations, chromosomal translocations, apoptosis, and cancer.
The RAD51 protein promotes recombination by catalyzing the invasion of the broken ends of the DSB into the intact sister chromatid. RAD51 is a structural and functional homolog of Escherichia coli RecA and forms helical nucleoprotein filaments in which the DNA lies extended and underwound. Filaments form preferentially on tailed duplex DNA substrates that mimic the resected DSBs thought to be present at chromosomal break sites (1, 2) . Strand invasion by RAD51 is stimulated by RAD52, RAD54, and RP-A, resulting in the formation of a heteroduplex joint (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . Yeast that are defective in RAD51 exhibit reduced levels of recombination and are sensitive to ionizing radiation, but the cells remain viable. In contrast, disruption of RAD51 in the mouse is lethal (12, 13) . Moreover, inactivation of a RAD51 transgene in chicken cells leads to chromosome fragmentation followed by cell death (14) . These observations emphasize the essential role that RAD51 and recombinational repair play in normal cellular proliferation. Such an extreme phenotype, however, has not been observed after disruption of RAD52 (15, 16) or RAD54 (17, 18) .
Although recombination proteins such as RAD51, RAD52, and RAD54 have been well conserved from yeast to vertebrates, it is not clear whether there are vertebrate homologs of yeast Rad55 and Rad57. Defects in RAD55 and RAD57 result in radiation sensitivity, a phenotype that can be partially complemented by overexpression of Rad51 (19) . Biochemical studies of Rad55 and Rad57 have shown that the two proteins form a heterodimer that interacts with Rad51 and stimulates Rad51-mediated pairing reactions (20) . It is therefore thought that Rad55͞57 play an accessory role in strand invasion, possibly displacing RP-A during nucleoprotein filament assembly by RAD51. The repair-defective phenotype of rad55͞57 mutants is elevated at reduced temperatures (21) , a property that is often associated with proteins that are composed of multiple subunits or are participants in large multiprotein complexes (22) .
Rad55 and Rad57 are known to share limited amino acid similarity with Rad51 and may have been derived by duplication of the ancestral gene encoding Rad51. However, apart from their conserved ATP binding motifs and the ability of Rad55͞57 to catalyze ATP hydrolysis (20) , they are clearly divergent in function from Rad51. Direct homologs of the yeast RAD55 and RAD57 genes have not been identified in vertebrates. However, five genes that bear a distant resemblance to RAD51 have been identified, and, like Rad55 and Rad57, their products have been classified as members of the RAD51 family (23) . The first members of this class, encoded by the XRCC2 and XRCC3 genes (24, 25) , were identified by genetic complementation of the repair-deficient irs1 and irs1SF rodent cell lines (26, 27) . Furthermore, three distinct genes designated RAD51B (also known as RAD51L1, hREC2, or R51H2), RAD51C (a.k.a. RAD51L2), and RAD51D (a.k.a. RAD51L3 or R51H3) were identified by database analyses on the basis of their sequence homology to RAD51 (28) (29) (30) (31) (32) . All five RAD51 paralogs share limited (Ϸ20-30%) amino acid sequence identity with RAD51, much of which is concentrated around the two Walker ATP binding sites (23, 33) . Multiple protein alignments of the RAD51 family members suggest that RAD51D and XRCC3 are closest to yeast Rad57, whereas XRCC2 is more homologous to yeast Rad55 (23, 34) .
The RAD51 family members are required for normal levels of recombination and DSB repair. Whereas cells defective in XRCC2 (irs1) and XRCC3 (irs1SF) are moderately sensitive to x-rays or ␥-radiation (Ϸ2 fold), they display an extreme sensitivity (60-to 100-fold) to DNA cross-linking agents such as cisplatin, nitrogen mustard, or mitomycin C (25, 35) . The mutant cell lines also exhibit a high incidence of spontaneous and mutagen-induced chromosomal aberrations (36) and show defects in chromosome segregation (37) . Moreover, both irs1 and irs1SF show a significant (100-and 25-fold, respectively) decrease in the frequency of DSB repair by homologous recombination (38, 39) .
In recent studies, the XRCC2 gene was targeted in the mouse, and disruptions were found to confer an embryonic lethal phenotype (40) . XRCC2 XRCC2 in the prevention of apoptosis. A similar embryonic lethal phenotype was observed after disruption of RAD51D (41), the product of which physically associates with XRCC2 (42, 43) .
The important roles that the RAD51 paralogs play in the maintenance of genome stability during proliferation is also emphasized by the embryonic lethality that is found after targeted disruption of the RAD51B gene (44) . Indeed, the embryonic lethal phenotype of the RAD51B disruption is comparable to that of RAD51 Ϫ/Ϫ itself, a phenotype that is more severe than that of the RAD51D knock out. Interestingly, mutations in RAD51B have been found to be associated with uterine leiomyomas, highlighting a role in tumorigenesis (45, 46) . To date, however, there are no cell lines with known mutations in RAD51C. Nevertheless, the 17q23 region containing RAD51C was found to be amplified in primary breast tumors and in tumors containing BRCA2 mutations. Amplification of 17q23 has also been observed in pancreatic adenocarcinomas, bladder carcinomas, neuroblastomas, and hepatocellular carcinomas (47, 48) .
Each of the paralogs has now been disrupted in chicken DT40 B lymphocytes. All knockout lines were found to be viable, an observation that distinguishes them from the RAD51 Ϫ/Ϫ mutant cell line (14) . However, RAD51B
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Ϫ/Ϫ cells all exhibit a reduced growth rate and show chromosome instability (49, 50) . The mutants accumulate spontaneous chromosomal breaks, presumably as a consequence of stalled or broken replication forks. As observed with rodent cell lines defective in XRCC2 and XRCC3, the mutant DT40 lines were highly sensitive to DNA cross-linking agents such as mitomycin C. The sensitivity to cross-linking agents was partially rescued by overexpression of RAD51. In contrast, however, the gene targeting deficiencies associated with mutations in RAD51B, XRCC2, or XRCC3 could not be rescued in this way.
Because of the similarities between the RAD51 paralogs, and the related phenotypes associated with their disruption, it is tempting to suggest that the five proteins have similar functions or act in concert during recombination and repair. In this regard, the RAD51 paralogs display numerous interactions: for example, associations between RAD51 and XRCC3, XRCC3 and RAD51C, RAD51C and RAD51B, RAD51C and RAD51D, and RAD51D and XRCC2 have been detected by yeast twohybrid analyses (43); XRCC3 and RAD51 proteins coimmunoprecipitate (25) ; and the XRCC2 and RAD51D proteins interact in glutathione S-transferase (GST) pull down experiments (42) . If these interactions occur simultaneously, then it is likely that the RAD51 paralogs function with RAD51 and other recombination proteins such as RAD52, RAD54 and BRCA2 (51). Indeed, it is possible that the proteins interact and are constituents of a large protein complex or ''recombinosome'' that assembles at sites of DNA damage to initiate repair.
Despite their importance, the precise function of each RAD51 paralog remains unclear at the present time. However, biochemical studies are now being initiated that will shed new light on their functions. As a first step, the RAD51D-XRCC2 complex was purified and shown to bind preferentially to single-stranded DNA (ssDNA) and to exhibit a DNA-stimulated ATPase activity (42) . It has also been reported that RAD51B exhibits protein kinase activity that can phosphorylate p53, cyclin E, and cdk2 (52) . Because RAD51B is induced by both ionizing and UV irradiation and its over-expression causes a delay at G 1 , a role for RAD51B in cell cycle progression was postulated.
In this paper, we describe the purification of a complex containing human RAD51C and XRCC3 proteins and show that this complex binds preferentially to ssDNA.
Materials and Methods
Purification of RAD51C and XRCC3. Recombinant RAD51C-His 10 and XRCC3-His 6 were copurified from five 1.25-liter spinner flasks of Sf9 cells (1 ϫ 10 6 per ml) infected with the RAD51C-His 10 and XRCC3-His 6 baculoviruses (moi 10) for 4 days at 27°C. Cells were harvested, frozen in dry ice͞ethanol and stored at Ϫ20°C. The cell paste was resuspended in 150 ml of T buffer (20 mM Tris⅐HCl, pH 8.0͞0.5 M NaCl͞10% glycerol͞0.02% Triton X-100) containing 5 mM imidazole and protease inhibitors. The suspension was lysed by using a Dounce homogenizer (20 strokes), sonicated, and then homogenized a second time. Insoluble material was removed by centrifugation (35,000 rpm for 1 h in a Beckman 45 Ti rotor). The supernatant was loaded on a 20-ml Talon column and washed with 200 ml of T buffer containing 50 mM imidazole. RAD51C-XRCC3 was eluted with a 200-ml linear gradient of 0.05-1.0 M imidazole in T buffer. Fractions containing the RAD51C and XRCC3 proteins were identified by SDS͞PAGE, pooled, concentrated, and dialyzed against storage buffer (20 mM Tris-acetate, pH 7.5͞10% glycerol͞1 mM DTT) containing 400 mM KOAc. The proteins were then further purified by using a 24 ml Superdex 200 gel filtration column (Amersham Pharmacia), which was eluted with the same buffer, and stored at Ϫ80°C.
Protein for Animal Immunization. Denatured recombinant RAD51C-His 10 and XRCC3-His 6 proteins were used for antibody production. They were purified from 2.4 liters of E. coli FB810 recA Ϫ pLysS (53) carrying either pRAD51C-16b or pXRCC3-28c in Luria broth supplemented with 100 g͞ml carbenicillin and 25 g͞ml chloramphenicol. At OD 650 ϭ 0.5, RAD51C-His 10 or XRCC3-His 6 synthesis was induced by the addition of 1 mM isopropyl ␤-D-thiogalactoside (IPTG). After 4 h, the cells were harvested by centrifugation, frozen in dry ice͞ethanol, and stored at Ϫ80°C. The cell paste was resuspended in 100 ml of T buffer containing 5 mM imidazole and protease inhibitors, and aliquots were lysed by sonication. Insoluble material was recovered by centrifugation, resuspended in T buffer containing 8 M urea and 5 mM imidazole (12 h at room temperature), and centrifuged at 35,000 rpm for 30 min in a Beckman 45 Ti rotor. The supernatant was loaded on a 20-ml Talon column equilibrated in the same buffer and washed with 150 ml of T buffer containing 30 mM imidazole; RAD51C or XRCC3 were eluted with a 200-ml linear gradient of 0.03-1.0 M imidazole in T buffer. The purified RAD51C or XRCC3 (Ϸ2.5 mg) were then electrophoresed through SDS͞PAGE, and the protein band was excised and electroeluted in 25 mM Tris, 190 mM glycine, and 0.05% SDS for 1 h at 150 V. The denatured protein was then used to immunize rabbit and mice.
Immunoprecipitations. Baculovirus expression systems. Sf9 cells were coinfected with RAD51C-His 10 and͞or XRCC3-His 6 baculovirus and harvested after 4 days. The cells were resuspended in lysis buffer (50 mM Tris⅐HCl, pH 7.5͞0.5 M NaCl͞0.5% Nonidet P-40) containing protease inhibitors, incubated for 30 min on ice, and then lysed by sonication. Insoluble material was removed by high-speed centrifugation. Protein complexes in the supernatant (equivalent to Ϸ3 ϫ 10 6 cells) were pulled down for 1.5 h at 4°C by using preimmune serum or polyclonal Abs (pAbs) raised against RAD51C or XRCC3 cross-linked to aminolink beads (Pierce) . Complexes were washed 4ϫ in lysis buffer containing NaCl, and visualized by Western blotting by using an anti-histidine mAb (Clontech).
HeLa extracts. Extracts were prepared from 2 ϫ 10 7
HeLa cells, and protein complexes were immunoprecipitated essentially as described above. The complexes were washed and visualized by Western blotting by using anti-RAD51C or anti-XRCC3 mAbs followed by enhanced chemiluminescence (ECL; NEN).
DNA Binding Assays. Reactions (10 l) contained 10 nM DNA in binding buffer (20 mM triethanolamine-HCl, pH 7.5͞2 mM ATP͞1 mM Mg(OAc) 2 ͞1 mM DTT͞100 g/ml BSA). After 5 min at 37°C, the indicated amount of RAD51C-XRCC3 was added (2 l), and incubation was continued for a further 10 min. Protein-DNA complexes were analyzed by 6% PAGE using TBE buffer (90 mM Tris͞90 mM boric acid͞2 mM EDTA, pH 8.3) followed by autoradiography. DNA substrates were prepared by annealing a 32 P-labeled oligonucleotide (100 nt in length) with appropriate complementary sequences. The sequence of the 100-mer is 5Ј-GGGCGAATTGGGCCCGAC-GTCGCATGCTCCTCTAGACTCGAGGAATTC GGTAC-CCCGGGTTCGAAATCGATAAGCTTACAGTCTCCATT-TAAAGGACAAG-3Ј. DNA concentrations are expressed in terms of moles of DNA molecules.
Electron Microscopy. For visualization of protein-DNA complexes, reactions (10 l) contained 5 M (expressed in nucleotides) DNA in 20 mM triethanolamine-HCl, pH 7.5͞2 mM ATP͞1 mM Mg(OAc) 2 ͞1 mM DTT. After 5 min at 37°C, RAD51C-XRCC3 (0.5 M) was added, and incubation was continued for a further 10 min. Protein-DNA complexes were fixed by addition of glutaraldehyde to 0.2% followed by 15 min incubation at 37°C. Samples were diluted and washed in 5 mM Mg(OAc) 2 before uranyl acetate staining (54) and visualized at a magnification of ϫ20,500 by using a Philips C100 electron microscope.
Results
Purification of RAD51C-XRCC3. The RAD51C and XRCC3 genes were PCR amplified from a human testis cDNA library and 3 . Coimmunoprecipitation of endogenous RAD51C and XRCC3 from HeLa cell-free extracts. Protein complexes were precipitated from HeLa cellfree extracts by using preimmune serum (lanes b and h) or pAbs raised against RAD51C (lanes c-f and i-l). The complexes were washed in buffer containing NaCl, as indicated, and visualized by Western blotting using anti-RAD51C (lanes a-f) or anti-XRCC3 mAbs (lanes g-l) . Lanes a and g, purified RAD51C-His 10-XRCC3-His6 complex (50 ng). The His-tagged controls migrate more slowly than the endogenous RAD51C or XRCC3 from HeLa.
cloned into pET16b and pET28c. In these constructs, the RAD51C and XRCC3 protein sequences were linked to decahistidine and hexahistidine tags at their amino-terminal ends, respectively. The His-tagged RAD51C and XRCC3 genes from the resultant clones (pRAD51C-16b and pXRCC3-28c) were then subcloned into pFASTBAC1 to produce the recombinant baculoviruses RAD51C-His 10 and XRCC3-His 6 . The sequences of RAD51C and XRCC3 were confirmed to be identical to those published previously (25, 31) .
Initial attempts to purify RAD51C-His 10 in E. coli or baculovirus-infected insect cells were unsuccessful because the protein was found to be mostly insoluble. However, because RAD51C interacts with XRCC3 (31), we coinfected Sf9 cells with the RAD51C-His 10 and XRCC3-His 6 baculoviruses and found that RAD51C-His 10 was considerably more soluble. This strategy enabled us to copurify RAD51C-His 10 and XRCC3-His 6 by using Talon affinity chromatography. Because of an extensive imidazole wash before elution from Talon, RAD51C and XRCC3 were highly pure after this first step (Fig. 1A, lanes c-i) . However, further purification by gel filtration was necessary to remove minor contaminants. When analyzed by gel filtration through superdex 200, RAD51C-XRCC3 exhibited a broad elution profile (data not shown). During all chromatographic steps, RAD51C and XRCC3 coeluted with an apparent 1:1 stoichiometry. Because RAD51C-His 10 (45 kDa) and XRCC3-His 6 (40 kDa) are similar in size, the presence of the two proteins was confirmed by using mAbs raised against XRCC3 and RAD51C, respectively (Fig. 1B, lanes a and b) . The protein preparation was free of nuclease activities, as monitored by the release of acid-soluble counts from 5Ј-32 P-end-labeled single-or double-stranded oligonucleotides.
Interactions Between RAD51C and XRCC3. Because XRCC3 and RAD51C coelute during chromatography, we reasoned that the two proteins may have interacted during expression in the Sf9 cells. To confirm this interaction, extracts from coinfected Sf9 cells were analyzed by immunoprecipitation by using a pAb raised against RAD51C. Pull-down complexes were washed extensively with buffer containing 0.5-1.25 M NaCl and analyzed by Western blotting with an anti-histidine mAb. XRCC3 was found to interact with RAD51C under all conditions tested, suggesting strong interactions between the two proteins ( Fig. 2A,  lanes c-f) . Control reactions showed that the anti-RAD51C pAb was specific for RAD51C because it failed to pull down XRCC3 from Sf9 cells infected only with the XRCC3-His 6 virus (Fig. 2B,  lane c) . The XRCC3 could, however, be immunoprecipitated by using an anti-XRCC3 pAb (lane e).
We next investigated whether stable RAD51C-XRCC3 complexes were also present in mammalian cells. Immunoprecipitation analyses were again carried out using the RAD51C pAb, and pull-down complexes were probed by Western blotting by using RAD51C (2H11) and XRCC3 (10F1) mAbs. These mAbs were specific for RAD51C and XRCC3, respectively, and did not cross-react with any of the other RAD51 paralogs. Endogenous XRCC3 and RAD51C coimmunoprecipitated from HeLa extracts (Fig. 3, lanes c-f and i-l) . Again the RAD51C-XRCC3 interaction was found to be stable to 1.25 M NaCl, indicating that the interactions were not because of the presence of contaminating DNA. Control experiments showed that preimmune antisera were unable to pull down RAD51C or XRCC3 (lanes b and h). In related experiments, we found that a pAb raised against XRCC3 also pulled down RAD51C from the HeLa extract (data not shown). These results show that the human RAD51C and XRCC3 proteins form a stable complex.
Electron Microscopic Visualization of RAD51C-XRCC3. Purified RAD51C-XRCC3 complex was visualized by electron microscopy after negative staining with uranyl acetate; we observed that the protein mainly formed disperse and irregular structures. In some instances, however, ring-like structures could be seen that contained a central cavity (Fig. 4A, white arrow) . Because the protein preparation is highly purified and essentially homogeneous, we believe that it is unlikely that these ring-like structures are due to contaminant proteins. For size comparison, we spread the human meiosis-specific RecA homolog DMC1, -f), double-stranded (lanes g-l) , 5Ј-tailed (lanes m-r), or 3Ј-tailed (lanes s-y) DNA in binding buffer, and the indicated amounts of RAD51C-XRCC3. Protein-DNA complexes were analyzed by PAGE. 5Ј-32 P-end labels are indicated with asterisks. (B) The gels shown in A were quantified by phosphorimaging.
which is known to form octameric rings with a diameter of about 140 Å and a central hole of 25Å (55) . As expected, the recombinant DMC1 rings (molecular mass of 324 kDa), as shown in Fig. 4B , were considerably larger than the observed RAD51C-XRCC3 complexes. The complexes observed by electron microscopy may represent oligomeric forms of the individual subunits (45 kDa and 40 kDa), or heterodimeric (85 kDa) and oligomeric forms of RAD51C-XRCC3.
DNA Binding by RAD51C-XRCC3. When purified RAD51C-XRCC3 complex was incubated with ssDNA (100 nucleotides in length), we observed the formation of protein-DNA networks that failed to enter polyacrylamide gels (Fig. 5A, lanes b-f) . The protein complex bound preferentially to ssDNA; duplex DNA was bound poorly under the same conditions (lanes h-l). Indeed, quantification of the DNA-protein complexes formed with each substrate at 100 nM RAD51C-XRCC3 indicated that only 4% of the input duplex DNA was stably bound, compared with 75% for the ssDNA (Fig. 5B) . RAD51C-XRCC3 bound 5Ј-or 3Ј-tailed DNA substrates at a level that was intermediate of that observed with the ssDNA and double-stranded DNA substrates (Fig. 5A , lanes n-r and t-y, respectively, and Fig. 5B) .
In an attempt to resolve the protein-DNA complexes that failed to enter polyacrylamide gels, complexes were also analyzed by electrophoresis through 0.8% agarose gels. Again, however, the complexes were found to resolve poorly and tended to smear up the gel (data not shown), a result that is characteristic of the formation of networks containing a variable number of DNA molecules. Interestingly, the DNA binding properties of RAD51C-XRCC3 are similar to those exhibited by the human RAD52 protein, which has also been shown to aggregate ssDNA (4, 56) .
The binding of ssDNA by RAD51C-XRCC3 showed no requirement for ATP (Fig. 6, compare When complexes formed between RAD51C-XRCC3 and DNA were visualized by electron microscopy, we observed that DNA aggregation was mediated by the formation of large protein complexes. As shown in Fig. 7 A and B, with gapped circular and tailed linear plasmid DNA, respectively, RAD51C-XRCC3 promoted the formation of large DNA networks. Such networks would fail to enter polyacrylamide gels, as shown in 5 . Similarly, networks were formed by the actions of RAD51C-XRCC3 on form I plasmid DNA (Fig. 7D) , which are known to exhibit transient regions of ssDNA. We did not observe the binding of RAD51C-XRCC3 to linear duplex DNA (Fig.  7C) . These results indicate that the interactions of RAD51C-XRCC3 with various DNA substrates are mediated by binding to ssDNA.
Discussion
In this work, we have described the purification and preliminary characterization of the RAD51C-XRCC3 complex. Together with the purification of RAD51D-XRCC2 (42) and RAD51B (52) , these studies will facilitate further analyses of the roles of the RAD51 paralogs in recombination and DNA repair. During initial purification trials, we observed that RAD51C was mostly insoluble unless coexpressed with XRCC3. Their coexpression, by using baculovirus vectors, however, allowed purification of a homogeneous protein complex containing stoichiometric amounts of each subunit. The stable association of RAD51C and XRCC3 was also observed with endogenous human proteins in HeLa cell-free extracts.
In response to DNA damaging agents, many of the known recombination proteins have been shown to colocalize to nuclear foci. These foci presumably identify sites where double-strand break repair is taking, or has recently taken, place. RAD51 has been shown to colocalize with histone H2AX (57), RP-A (58), RAD52 (59), RAD54 (60), BRCA1 (61) , and BRCA2 (62) . Interestingly, the formation of RAD51 foci after DNA damage occurs at reduced levels in chicken DT40 cells defective in RAD51B, RAD51C, RAD51D, XRCC2, or XRCC3 (49, 50) . Moreover, RAD51 foci are absent in irs1SF cells lacking XRCC3 (63) . It is thought that the presence of these proteins may facilitate the assembly of RAD51 at sites of DNA damage. Future studies will determine whether the RAD51 paralogs themselves are components of the damage-induced foci.
We have shown that the RAD51C-XRCC3 complex binds ssDNA, and similar observations have been made with RAD51D-XRCC2 (42) . The specificity of these interactions may be important for the initiation of recombinational repair as DSBs are resected to expose single-stranded tails. Indeed, the RAD51 paralogs may act as accessory factors that facilitate DSB recognition, or may be involved in the assembly of RAD51 filaments. Similar proposals have been made for RAD52, RAD54, and RP-A. Alternatively, these proteins may be involved in stabilizing or extending heteroduplex joints formed by RAD51. However, one striking feature of the RAD51C-XRCC3 complex is its tendency to aggregate DNA, a property that it shares with both RAD51 and RAD52. Early studies with RecA protein showed that the formation of DNA networks is a prerequisite for homologous pairing, and it is possible that DNA aggregation promoted by RAD51C-XRCC3 may facilitate DNA-DNA contacts during the search for homology between sister chromatids or homologous chromosomes. In this regard, it is noteworthy that the efficiency of gene targeting is reduced in chicken DT40 cells carrying defects in RAD51C or XRCC3 (50) .
Although both RAD51C and XRCC3 share limited sequence homology with RAD51, we have not observed the formation of the regular nucleoprotein filaments that are the characteristic signature of a recombinase. Additionally, attempts to show D-loop formation (using single-stranded oligonucleotides and superhelical duplex DNA) by RAD51C-XRCC3 complex have proven negative (M. McIlwraith, J.-Y.M., and S.C.W., unpublished data). These results lead us to conclude that the RAD51C-XRCC3 complex does not facilitate homologous pairing in vitro, although we cannot at this time rule out the possibility that it might promote such interactions in the presence of RAD51 and possibly other RAD51 paralogs. More likely, we suggest that RAD51C-XRCC3 are important constituents of the recombination-promoting complex and, as such, are indirectly involved in both nucleoprotein assembly and the subsequent DNA-DNA interactions required for the establishment of a heteroduplex joint.
In recent studies, conditional RAD52 Ϫ/Ϫ XRCC3 Ϫ/Ϫ DT40 cell lines were generated in which an XRCC3 transgene could be inactivated by Cre-Lox recombination (64) . Whereas clones of either single mutant could proliferate, although some die because of spontaneous chromosomal breaks, all cells deficient for both RAD52 and XRCC3 function died a few days after XRCC3 inactivation. Remarkably, the lethal effect of XRCC3 inactivation was overcome by overexpression of RAD51. These results can be interpreted in terms of the way that both RAD52 and XRCC3 may be required as accessory factors that play important, but not essential, roles in RAD51 filament assembly within the context of a DNA damageinduced recombination complex. Whereas the loss of either RAD52 or XRCC3 function can be tolerated, the absence of both functions will result in severe chromosome instability and cell death. Our understanding of the way in which proliferating cells maintain genome stability will therefore be advanced by further studies of the RAD51 paralogs and other protein constituents of the recombination machinery.
